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Abstract: This paper investigates a real-time fault diagnostic of a transportation system which needs two drives with fault-
tolerance capabilities. Because of constraints on the mass of the system and on the cost of the Voltage Source Inverter (VSI), 
a drive with two Six-Phase Permanent Magnet Synchronous Machines (PMSM) in series-connection supplied by two six-leg 
inverters is chosen. Despite the serial -connection, independent control of the two machines and fault –tolerance to open-
switch fault is ensured.  Nevertheless, a Fault Detection Identification (FDI) process is required for analysis and/or control 
reconfiguration. The proposed FDI is based on the combination of different criteria obtained from the two zero-sequence 
currents and from the normalized currents mapped into two frames defined by the Concordia Transformation. Results 
obtained from simulation and experimental tests show the effectiveness of the proposal.  
 
1. Introduction  
In autonomous multi-machine transportation 
applications, the capability to ensure the system functionality 
with a minimum requirement in mass, volume and cost is 
appreciated. Fault-tolerant multiphase drives are a solution 
for these applications, because the fault of one power 
component does not lead to a breakdown. Multiphase 
machines have supplementary Degrees of Freedom (DoF) in 
comparison to regular three-phase machines, allowing the 
system to function in faulty mode. Consequently, oversizing 
the power components in order to warrant enough Mean Time 
Between Failure (MTBF) is then less necessary since a fault 
leads only to a decrease of the performances and not to a 
breakdown. Moreover, in normal mode the supplementary 
DoF can be addressed to energy management optimization. 
Several examples of energy optimization with multi-drive 
systems for automotive with several in-wheel motors are 
presented in [1]-[3] or dual-motor vehicles in [4]-[5]. For 
these applications, the speeds of the different machines are 
roughly the same, but the produced torque may differ. In the 
presented paper this kind of application is considered. 
In [6], two different dual-motor drive topologies tolerant 
to short-circuit switch and open-phase faults are presented 
and compared. Two six-phase Permanent Magnet 
Synchronous Machines (PMSM) in open-end winding 
configuration supplied by H-Bridge are one of the solutions. 
However, constraints in mass, volume and cost make 
attractive another solution with series-connection of the two 
machines [6]-[7]. The number of transistors and of the DoF 
are of course decreased but it remains sufficient for fault 
mode operation with the occurrence of only one fault. 
Multiphase drives with series connection have been 
widely studied at first, for induction machines [8]-[9], then 
for synchronous machines with sinusoidal electromotive 
forces [10] and non-sinusoidal electromotive forces [11]-[12]. 
Finally some studies have analysed their performance after an 
inverter fault [6]-[7], [13]-[14]. The independence of the 
control of each machine is ensured thanks to a special 
coupling between the two machines, called "swapping 
connection" detailed in section II.  
However, one main shortcoming of these systems is that 
the currents are crossing always all the series-connected  
machines: the efficiency is then decreased. Nevertheless, an 
economical interest exists for particular payloads: when the 
operation is predominantly intermittent or/and when the mass 
impacts the average energy consumption such as in 
aeronautic transportation. In these cases, the series-
connection appears interesting since it reduces the investment 
cost.  
Even if this system is fault tolerant, a Fault Detection 
Identification (FDI) is of interest. It could be useful in order 
to alert the user of the occurrence of a fault or to implement a 
specific fault control using the supplementary DoF of the 
system in order to improve its performance in faulty mode by 
reducing current amplitude or torque oscillation for example. 
Among the numerous existing FDI approaches presented in 
[15]-[23], the proposed FDI process belongs to a family based 
on the specificity of multiphase drives. For a n-phase machine, 
the phase currents can be projected in independent planes and 
axes. When the torque is only provided by currents’ 
projections on one plane (the one related to the fundamental 
harmonic of the currents for example), the projections of the 
currents on the other planes are thus equal to zero in normal 
operation mode. However, they quickly reach significant 
values after the occurrence of a fault. This sensitivity implies 
that the currents in the planes not associated to the torque 
production are reliable variables for FDI. Such FDI has been 
proposed for five-phase synchronous machines [18]-[20], and 
five and six-phase induction machines [21]-[22].   
This paper investigates the adaptation of the FDI 
presented in [18] to series-connected machine drives. In [18], 
the FDI was proposed for a sinusoidal 5-phase PM machine. 
The currents projections in the x-y plane are negligible in 
normal operation and are used as variables for the FDI. In the 
present study of two 6-phase machines with the special series 
connection, both α-β and x-y current components are 
dedicated to torque generation. Consequently, the two zero-
sequence current components which are weak in normal 
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mode and become quite significant in fault mode will be 
considered. As well, the symmetry of the 6-phase machines 
requests supplementary information for the fault localisation. 
The study presented in [23] has proposed a fault 
diagnostic for this family of drives. In [23], only the principle 
of FDI and simulation results have been provided. In the 
present paper, experimental results are also given in different 
conditions including transient operations in order to verify the 
robustness of the proposed method to torque and speed 
variation.  
Section II presents the series-connected machines 
topology and its control. In section III, the post-fault 
operation is analysed in order to define the fault detection 
algorithm. Fault indexes for real-time application are 
depicted in Section IV. The last paragraph gives a 
presentation of experimental results and a robustness 
verification. 
2. Series-Connected Two Six-Phase PMSM 
Configuration and Control  
Similar to the structure presented in [6] and [7], a 
connection scheme of the considered drive system is depicted 
in Fig. 1. There is a special electrical connection between the 
two machines that allows to control them independently. The 
two six-phase PMSM are symmetrical with a spatial shift 
between any two successive phase windings equal to 2π/6 
(Fig. 2). This structure can result from different constraints 
[6]-[7]:  
• Short-circuit and open-circuit transistor faults can be 
tolerated;  
• Simple connection modification can transform a 
three-phase machine in a symmetrical six-phase 
machine; 
• Only 24 transistors are necessary in comparison to 
48, when two separately supplied open-end winding 
six-phase machines (H-bridge); 
The main characteristics of the structure described in [6] 
and [7] are reminded before considering fault detection in the 
next section. 
The phase currents of the two machines are interlinked 
as follows: 
[𝐼] = [𝐼𝑚1] =
[
 
 
 
 
 
1 0 0
0 −1 0
0 0 1
0 0 0
0 0 0
0 0 0
0 0 0
0 0 0
0 0 0
−1 0 0
0 1 0
0 0 −1]
 
 
 
 
 
[𝐼𝑚2] (1)   
To deduce a simple control scheme, the decomposition 
in fictitious machines concept has been successfully applied 
to the multiphase drives [24]. These fictitious machines are 
obtained by applying the linear Concordia transformation 
given in (2), resulting in the family of harmonic electrical 
components (voltage, current, back-EMF) illustrated in 
Table.1. Based on a such decomposition, it is possible to 
consider each six-phase PMSM as a set of two fictitious 
magnetically independent two-phase machines (main 
machine MM and secondary machine SM) and two fictitious 
zero-sequence one-phase machines (H1M and H2M). Each 
equivalent fictitious machine (respectively, MM, SM H1M 
and H2M) is associated to one decoupled plane or axis 
(respectively, α-β plane, x-y plane, h1 axis and h2 axis).  
Table 1 Harmonic characterization of the fictitious machines 
for six-phase open-end windings series-connected machines   
Fictitious 
machines 
Families of 
harmonics 
Main Machines (MM) 1, 5, 7, 11, ... 6k ± 1 
Secondary Machines (SM)   2, 4, 8, 10, ... 6k ± 2 
Zero-sequence machine 1 (H1M) 6, 12, ... 6k 
Zero-sequence machine 1 (H2M) 3, 9, ....6k±3 
 
Considering the Concordia transformation presented as 
follows: 
[𝐶6] = √
2
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 (2)   
 
 The relation between the currents of the fictitious 
machines is: 
[
 
 
 
 
 
𝑖𝛼
𝑖𝛽
𝑖𝑥
𝑖𝑦
𝑖ℎ1
𝑖ℎ2]
 
 
 
 
 
=
[
 
 
 
 
 
 
𝑖𝛼_𝑚1
𝑖𝛽_𝑚1
𝑖𝑥_𝑚1
𝑖𝑦_𝑚1
𝑖ℎ1_𝑚1
𝑖ℎ2_𝑚1]
 
 
 
 
 
 
=
[
 
 
 
 
 
0 0 1
0 0 0
1 0 0
0  0  0
−1  0 0
0  0  0
0 −1 0
0 0 0
0 0 0
0 0 0
0 0 1
0 1 0 ]
 
 
 
 
 
[
 
 
 
 
 
 
𝑖𝛼_𝑚2
𝑖𝛽_𝑚2
𝑖𝑥_𝑚2
𝑖𝑦_𝑚2
𝑖ℎ1_𝑚2
𝑖ℎ2_𝑚2]
 
 
 
 
 
 
 (3)   
 
   
 
Fig. 1. Configuration of the Half-Bridge Inverter Multiple Machine (HIMM) Topology. 
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Fig. 2. Symmetrical six-phase 12-mwinding PMSM. 
 
Fig. 3. Control scheme. 
Here, the main (α-β) machines are clearly decoupled 
from each other. Consequently, the current components of 
each main machine are independently controlled (Fig. 3), as 
addressed in [6]-[7]. From (3), the α-β currents generate the 
torque of M1’s main machine, as the x-y currents generate the 
torque of M2’s machine. The main machine of M1 is 
electrically coupled to the secondary machine of M2, and 
vice-versa. However, the currents driving the main machines 
flow through the secondary machines which generate no 
torque because these currents only interact with the even-
harmonic back-EMF. These even harmonics are null for 
PMSM with symmetrical rotors considered in this paper. 
3. Series-Connected PMSMs Post Fault Operation 
Analysis   
This paper considers the occurrence of the most common 
inverter faults for a system inverter-machine: open-switch 
fault (OS) and open phase fault (OP). No consecutive faults 
are considered in this paper. By detecting those faults, it is 
possible to implement a reconfiguration in order to eliminate 
or attenuate the effect of the fault on the system performance. 
Among existing FDI presented in [15]-[17], the present 
FDI belongs to the family of signal based methods as reported 
in [19], [21], [25] and [26] which are distinguished with the 
model based methods as in [27]-[28]. More precisely the FDI 
is using the currents and not the voltages whose measured real 
values are difficult to use because the Voltage Source Inverter 
(VSI) are controlled by PWM. Nevertheless, it must be noted 
that, even if the model is not directly used in the algorithm, 
the physical knowledge of the drive and its control is 
necessary in order to define the criteria and the necessary 
signal processing. In the present case, the choice of the zero-
sequence currents for the detection and the other currents in 
the Concordia frames is based on a physical analysis. 
Considering the problem of the FDI robustness to 
transient operation and for different working points, different 
normalized detection variables which are equal to zero in 
normal operation and tends to one in fault mode have been 
elaborated in case of three-phase drives [25]-[27] and also 
multiphase drives [19], [21] and [28] .  
For multiphase drives, recent specific FDI have been 
proposed: they are since a few variables can be naturally 
equal to zero in normal operation and with high values in fault 
mode. These variables belong to subspace which are not 
contributing to the torque:  
Signal equal to zero in normal operation: either by 
considering error between signal in fault and signal in normal 
operation [20], [28] or by considering a physical signal [18], 
[22] which is intrinsically equal to zero in normal operation 
multiphase 
Similar to previous papers [18] and [23], the currents of 
the fictitious machines are analysed in degraded mode. 
Consequently, no extra sensor is needed. In Fig. 4, the 
currents in healthy and degraded mode after phase a is opened 
are presented. In degraded mode, the current of phase a is null 
due to the fault and the current of the other phases are 
unbalanced in amplitude and phase. In healthy mode the 
currents are slightly unbalanced too. This is due to the 
different load of each machine. Because of the electrical 
series-connection the current component for torque 
generation are combined unbalancing the phase currents even 
in healthy mode. 
To overcome the problems related to the fast transients 
induced by the speed or torque changes, the currents used in 
this  analysis are  normalized. Then,  equations (4),  (5),  (6) 
 
Fig. 4. Motor phase current (up) and related zero-sequence 
currents (down) obtained by simulation in normal mode and 
then with phase a open. 
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present the proposed normalization. This normalization 
considers that the two di-phase fictitious machines are 
decoupled in healthy mode and that their currents are related 
to the torque of each machine. Consequently; the α-β and x-y 
currents are unitary amplitude sinusoidal curves in healthy 
mode, independently of the torque generated by each real 
machine. On the other hand, the zero-sequence currents are 
normalized by all current components.  
[𝑖ℎ1ℎ2𝑁] =
[𝑖ℎ1ℎ2]
(𝑖𝛼2 + 𝑖𝛽
2 + 𝑖𝑥2 + 𝑖𝑦2 + 𝑖ℎ1
2 + 𝑖ℎ2
2 )
1
2
 (4)   
[𝑖𝛼𝛽𝑁] =
[𝑖𝛼𝛽]
(𝑖𝛼2 + 𝑖𝛽
2 + 𝑖ℎ1
2 + 𝑖ℎ2
2 )
1
2
 (5)   
[𝑖𝑥𝑦𝑁] =
[𝑖𝑥𝑦]
(𝑖𝑥2 + 𝑖𝑦2 + 𝑖ℎ1
2 + 𝑖ℎ2
2 )
1
2
 (6)   
 
The zero-sequence current components are not used for 
the torque production and are almost null under a healthy 
operation mode (ih1 ≈ ih2 ≈ 0), resulting in no effect on the 
normalized quantities in (4)-(6) .These components have a 
particular evolution after the occurrence of an opened-switch 
or opened-phase fault in the VSI (Fig. 4).  
Simulation results of the inverter fault effects analysis in 
α-β, x-y and h1-h2 frames are shown in Fig. 5 for two open-
switch faults and an open-phase fault, all for the same phase 
(phase A). For a healthy condition, the phase currents contain 
only fundamental harmonic components. As a result, the 
shapes built in α-β and x-y frames are two circles centred at 
the origin, and ideally only a point at the origin in the h1-h2 
frame.  
In post-fault operation mode, the shapes are no longer 
circular, and the fault induces different trajectories in both α-
β and x-y frames. Their relative position and shape are linked 
directly to the faulty switch location. In h1-h2 frame, for an 
open-switch or an open-phase fault, bidirectional components 
with high relative values in comparison with those existing in 
healthy condition are appearing. Adding this characteristic to 
the information derived from the particular behaviour of the 
current shapes in α-β and x-y frames leads to a FDI process 
designing, as addressed in the next section.  
Based on simulation results, Table. 2 and  
Fig. 6, summarize the different directions of the average 
positions in α-β, x-y and h1-h2 planes. Tk and Tk+6 denote, 
respectively, the upper and the lower transistors of the first 
VSI (left side in Fig. 1). T'k and T'k+6 denote, respectively, the 
upper and the lower transistors of the second VSI (right side 
in Fig. 1). As the electric drive system is composed by 
symmetric even-phase machines, there are two phases 
sharing the same direction axis in α-β and x-y planes (e.g., 
phase a and phase d). But thanks to the coupling between the 
machines, the phases b, d and f (the even phases and their 
switches) have a different behaviour when comparing 
between the α-β and x-y frames. This difference shows that 
even if one frame is not enough to localize the faulty switch, 
each one of them has its own shape average position when 
combining both frames. 
For both OS or OP faults, it is interesting to distinguish 
two families of phase current: (𝑖𝑎, 𝑖𝑐, 𝑖𝑒) and (𝑖𝑏, 𝑖𝑑, 𝑖𝑓) which 
will be respectively called odd and even currents in the rest 
of the paper. Simulation results shown in Fig. 4 provide the 
dynamic behaviour of the six-phase currents for a healthy VSI  
 
 
Fig. 5. Simulation results for the current trajectories in 
Concordia frames (α-β, x-y, h1-h2) under open-switch (a) or 
open-phase fault (b) in phase a.  
 
and in post-fault operation mode. The considered fault is the 
phase-a opened. The rotor speeds of the two machines are 
fixed to 𝜔1 = 𝜔2 = 50𝑟𝑎𝑑/𝑠. The load torques, T1 = 4 Nm 
and T2 = 2 Nm, are applied to machine 1 (M1) and machine 
2 (M2), respectively.  
After the open-phase fault occurrence, considering the 
closed-loop vector control of PMSMs, speed and current 
controllers are not able to achieve zero errors in post-fault 
operation mode resulting in unbalanced faulty system. The 
faulty phase current 𝑖𝑎 is now null. Regarding the other 
healthy phase currents, their shapes are changed and remain 
flowing in negative and positive directions.   
 
Table 2 Normalized phase currents average positions in 
Concordia frames (α-β, x-y, h1-h2) for a healthy and faulty 
VSIs. 
Fault 
location 
k =1,..,6 
Current shape average position 
in Concordia frames 
α-β 
frame 
x-y 
frame 
h1-h2 
frame 
Healthy 
VSIs 
 0 0 0 
Tk or T'k+6 
Odd 
(2k+3)π/6 
(2k+3)π/6 ≠0 
Even (2k-3)π/6 ≠0 
Tk+6 or T'k 
Odd 
(2k-3)π/6 
(2k-3)π/6 ≠0 
Even (2k+3)π/6 ≠0 
Tk & Tk+6 
or 
 0 0 ≠0 
(a) 
(b) 
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T'k & T'k+6 
 
iβN (t)
iαN (t)
Healthy
VSI
2π/6 2π/6
2π/6
2π/6 2π/6
2π/6
T6
T9
T5
T8
T4
T7
T3
T12
T2
T11
T1
T10
iyN (t)
ixN (t)
He
alt
hy
VS
I
2π/6 2π/6
2π/6
2π/6 2π/6
2π/6
T9
T12
T2
T5
T7
T10
T3
T6
T8
T11
T1
T4
ih2N (t)
ih1N (t)
Healthy
VSI
Faulty
VSI
 
Fig. 6. Current shapes average position in Concordia frames 
according to the faulty switch location. 
The harmonic contents of the phase currents in the 
healthy condition and under open-phase fault are depicted in 
Fig. 7a and Fig. 7b for the odd and even phase currents, 
respectively. Because of the electrical coupling of the motors, 
the three odd phases have a particular behaviour in 
comparison to the even ones. In pre-fault operation mode, the 
harmonic content of each phase current is well known and 
contains only the fundamental component, as explained in 
section 2.2. On the contrary, the fault occurrence in the phase-
a, results only in modification of the magnitude of the 
fundamental components of the odd phase currents (𝑖𝑐 , 𝑖𝑒) 
without introducing others harmonic components. 
Regarding the three even-phase currents (𝑖𝑏, 𝑖𝑑, 𝑖𝑓), their 
harmonic content is similar to the one obtained in pre-fault 
operation mode. This means that the open-phase fault of an 
odd (respectively even) motor winding implies only a 
modification of the magnitudes of the odd (respectively even) 
phase currents. 
4. Real-Time Inverter Fault diagnostic method  
In this section, the real-time inverter fault diagnostic 
technique is described. The block diagram of the proposed 
algorithm is depicted in Fig. 8. This algorithm permits 
detecting the fault occurrence in the VSI and identifying the 
faulty switches as well as the faulty phases.  
The measured signals used by the FDI method are only 
the phase currents (𝑖𝑎 , 𝑖𝑏 , 𝑖𝑐 , 𝑖𝑑 , 𝑖𝑒  and 𝑖𝑓 ) and the rotor 
speeds (ω1 and ω2).  
Firstly, fault detection step is achieved by monitoring the 
fault current components in h1-h2 frame. It is computed using 
the variable 𝐹𝑑𝑁(𝑡) as follows: 
𝐹𝑑𝑁(𝑡) = 〈√𝑖ℎ1𝑁
2 (𝑡) + 𝑖ℎ2𝑁
2 (𝑡)〉 (7)   
As zero-sequence currents are controlled to be null, 
𝐹𝑑𝑁(𝑡) is almost zero. On the contrary, if an open-switch or 
an open-phase fault occurs in the VSI, the variable 𝐹𝑑𝑁(𝑡) 
becomes positive and exceeds a fixed threshold THd.  
Unfortunately, the detection variable 𝐹𝑑𝑁(𝑡) is sensitive 
to both open-switch and open-phase fault. Therefore, second 
variables 𝐹𝑖−𝛼𝛽𝑁(𝑡) and 𝐹𝑖−𝑥𝑦𝑁(𝑡) are necessary to identify 
the faulty open-switch in the VSI. This step uses the average  
 
Fig. 7. Experimental results: harmonic contents of the phase 
currents for a normal operation mode and under an open-
phase fault (motor phase a opened). (a) Odd phase currents 
a, c, e. (b) Even phase currents b, d, f. 
 
position of the computed current trajectories using the mean 
values of the current components in α-β and x-y frames as 
follows  
• in α-β frame 
𝐹𝑖−𝛼𝛽𝑁(𝑡) = 𝑎𝑡𝑎𝑛 (
〈𝑖𝛽𝑁(𝑡)〉
〈𝑖𝛼𝑁(𝑡)〉 + 𝜀
) 
= {
(2𝑘 + 4)
𝜋
6
, if (𝑇𝑘  𝑜𝑟 𝑇𝑘+6
′ ) is faulty
(2𝑘 − 2)
𝜋
6
, if (𝑇𝑘
′  𝑜𝑟 𝑇𝑘+6) is faulty
 
(8)  
 
• in x-y frame 
𝐹𝑖−𝑥𝑦𝑁(𝑡) = 𝑎𝑡𝑎𝑛 (
〈𝑖𝑦𝑁(𝑡)〉
〈𝑖𝑥𝑁(𝑡)〉 + 𝜀
) 
=
{
 
 
 
 
 
 (2𝑘 + 4)
𝜋
6
, 𝑘 odd
(2𝑘 − 2)
𝜋
6
, 𝑘 even
, if (𝑇𝑘  𝑜𝑟 𝑇𝑘+6
′ ) is faulty
(2𝑘 − 2)
𝜋
6
, 𝑘 odd
(2𝑘 + 4)
𝜋
6
, 𝑘 even
, if (𝑇𝑘
′  𝑜𝑟 𝑇𝑘+6) is faulty
 
(9)  
 is a weak constant value allowing the identification 
variables equal to zero in pre-fault operation mode and it has 
no effect on the identification variables in post-fault operation 
mode. The mean values of the current components in the 
orthogonal planes are computed as follows: 
〈𝑥𝑖(𝑡)〉 =
1
𝑇𝑖(𝑡)
∫ 𝑥𝑖𝑑𝑡
𝑇𝑖(𝑡)
𝑡−𝑇𝑖(𝑡)
 (10)   
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xi(t) denotes current component iαN, iβN, ixN and iyN. A dynamic 
sliding window [𝑡 − 𝑇𝑖 ; 𝑇𝑖] is used to improve the immunity 
of the algorithm against false alarms since it acts as a low-
pass filter, in which 𝑇𝑖  is the electric period of the machine. 
Considering the analysis given in Section 3, it has been 
addressed that an open-switch fault results in a half-plane 
shape in α-β and x-y frames. Therefore, using (8) and (9), the 
FDI process calculates the fault shape average position in 
these frames. For the system under study, there are six distinct 
average positions in each orthogonal frame according to the 
involved faulty switch, as addressed in Fig. 6.  
The 𝐹𝑖−𝛼𝛽𝑁(𝑡) and 𝐹𝑖−𝑥𝑦𝑁(𝑡) diagnostic variables carry 
information about the faulty switches only. For a complete 
diagnostic procedure, the proposed FDI process is extended 
to the open-phase fault detection and localization. An index 
is then calculated for each phase, in which the RMS value of 
each current is calculated. This index is normalized by a half 
of the RMS of the other currents of the same family (even or 
odd phases). 
𝐹𝑛𝑁(𝑡) =
2√〈𝑖𝑛𝑁
2 (𝑡)〉
√〈𝑖𝑙𝑁
2 (𝑡)〉 + √〈𝑖𝑚𝑁
2 (𝑡)〉
 (11)   
where l, m, n {1, 3, 5} for odd motor phase, and l, m, n {2, 
4, 6} for even motor phases with always l ≠ m ≠ n. The 
variables F ( t )n_ N  are close to 1 for a healthy electric drive 
system. On the contrary, when an open-phase fault occurs in 
the VSI, the corresponding diagnostic variable drops to zero 
and becomes less than a fixed threshold 𝑇𝐻𝑜𝑝 . Table 3 
summarizes the states of the output signals of the FDI process 
according to the faulty switch or the faulty phase. 
The period T of the sliding window used to calculate all 
the fault detection indexes is equivalent to one electrical 
period. Consequently, the speed of the machine is related to 
the fault detection duration. If the purpose of the fault 
detection is to implement a fault control, it takes at least one 
electrical period to accurately detect and locate the fault. 
When the speed of the machines is null, the period T tends to 
infinity. Hence the value of T is limited to a period equivalent 
to a speed of 5rad/s. 
For the application proposed in this paper, the in-wheel 
motor speeds are most of the time the same. For the other 
indexes, the signal present harmonics related to the speed of 
each machine. That is why this method can be applied to 
system in which the machine’s speeds are the same or close. 
When the speeds are slightly different, the mean value of both 
speeds is used in order to minimize the error. There are three 
threshold values used by the proposed diagnostic algorithm 
in this work.  
The threshold THd is used to detect the fault occurrence in the 
VSI. Based on the explanation given in section 3, THd is 
selected equal to 0.1, permitting thus a large dissymmetry 
between the values that can be taken by the detection variable 
𝐹𝑑𝑁(𝑡) under healthy conditions and when an open-switch or 
an open-phase fault occurs in the VSI. With similar reasoning, 
the threshold value 𝑇𝐻𝑜𝑝 used to judge the open-phase fault 
occurrence is fixed to 0.1. Finally, the third threshold PTh is 
used to decide on the position of the identification variables 
𝐹𝑖−𝛼𝛽𝑁(𝑡)  and 𝐹𝑖−𝑥𝑦𝑁(𝑡)  in α-β and x-y frames. As these 
variables are with one of the defined directions in Fig. 6 
according to the faulty switch, a security margin of PTh = ±25° 
is fixed, allowing a large dissymmetry between each two 
successive positions.  
 
Fig. 8. Block diagram of the proposed diagnostic algorithm. 
Table 3 FDI process output-signal states for a healthy VSI and under open-switch and open-phase fault modes 
 Fault 
location 
k 
=1,..,6 
FDI process output-signals 
 𝐹𝑑𝑁(𝑡) 𝐹𝑖−𝛼𝛽𝑁(𝑡) 𝐹𝑖−𝑥𝑦𝑁(𝑡) 𝐹𝑎,𝑐,𝑒_𝑁(𝑡) 𝐹𝑏,𝑑,𝑓_𝑁(𝑡) 
 Healthy VSIs  0 0 0 ≅ 1 > THop ≅ 1 > THop 
Open-
switch fault 
Tk or T'k+6 
odd > THd 
(2k+3)π/6 
(2k+3)π/6 
> THop > THop 
even > THd (2k-3)π/6 
Tk+6 or T'k 
odd > THd 
(2k-3)π/6 
(2k-3)π/6 
even > THd (2k+3)π/6 
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Open-phase 
fault 
Tk & Tk+6 or 
T'k & T'k+6 
 > THd 0 0 < THop < THop 
Beyond this, the selected threshold values are then 
verified by simulation and by running several experiments 
under healthy and faulty operation conditions, resulting in a 
high immunity to false alarms. 
5. Performance Evaluation Results and comments 
To check the performance and the effectiveness of the 
proposed FDI process, several simulation and experimental 
tests are performed on a prototype as addressed in Section. 2. 
In accordance with Fig. 1, it is composed of series-connected 
two identical six-phase PMSM supplied by two six-leg VSIs 
and a dc-bus voltage. Each machine is coupled to an industrial 
motion drive which is used as an emulator to generate 
different load profiles.  The special series-connection of the 
two machines ensure that the inductances Lαβ of one machine 
are in series with the inductances Lxy of the second machine.  
A photograph of the experimental test bench is depicted in 
Fig. 9.  
The parameters of each PMSM are given in Table 4. Rs 
is the stator resistance. Lαβ, Lxy, Lh1 and Lh2 are 
respectively the inductances of the fictitious machines (MM, 
SM, H1M and H2M). The proposed diagnostic algorithm as 
well as the vector control algorithm are tested in simulation 
and then implemented in a dSPACE Micro-Lab-Box 
controller board with an execution sampling frequency of 10-
kHz. The PWM-VSI is running with a switching frequency 
of 10-kHz.  
Simulated and experimental tests investigate FDI process 
robustness and effectiveness for a healthy operation mode 
and when an open-circuit fault occurs in the VSI. The 
discussion and comments on the obtained results are 
addressed below. In a first step, for a healthy operation mode, 
different tests have been carried out to evaluate the robustness 
and the immunity of the proposal to false alarms especially 
during fast transients as speed or load torque changes. Then, 
two fault modes are investigated; an open-switch fault and an 
open-phase fault in the VSI. 
Table 4 Electrical Parameters of each 6-Φ PMSM  
Rs  Lαβ  Lxy  Lh1=Lh2  p Vdc 
0.77 Ω 0.01 H 0.011 µH 0.008 µH 4 200V 
Max. 
power 
Max. 
Current 
Rate 
voltage 
Rate 
Speed 
Max  
Speed 
15kW 11.8A 485V 3500 rpm 12000 rpm 
5.1. Immunity of the diagnostic algorithm to transient 
states 
Fig. 10 shows the time-domain waveforms of the 
currents in rotating frames (image of the torque), the speeds 
and the diagnostic variables for a healthy operation mode of 
the drive system. In this test, the two series-connected M1 and 
M2 run at constant speed equal to 𝜔 = 50 rad/s .  It is for 
example the case of two wheels, of an automotive in a straight 
line without slipping. The experimental investigation is 
achieved as following. Fast transients are obtained by 
unloading/loading each machine alone, while the initial 
reference speeds are maintained constants. Regarding the 
diagnostic algorithm robustness, the obtained results show 
that loading/unloading of these machines has no consequence 
on the robustness and the immunity of the FDI process, since 
the diagnostic variable 𝐹𝑑𝑁  remains always in the region 
corresponding to healthy operation mode of the VSI. 
 
Fig. 9. A photograph of the experimental test bench. 
 
Fig. 10. Experimental results of the diagnostic algorithm 
immunity to false alarms during load torque change.  
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Fig. 11. Experimental results of the diagnostic algorithm 
immunity to false alarms. Time-domain waveforms of the 
phase currents, the rotor speeds of the two series-connected 
machines and the diagnostic variables during speed change. 
In the second test, a speed profile between 10 and 50 
rad/s is imposed to the system, while the torque references are 
fixed to 2 Nm and 4 Nm, respectively. The obtained results 
are depicted in Fig. 11. Regarding the diagnostic variables, 
even though light deformation of 𝐹𝑑𝑁 is observed, it is always 
within the band that corresponds to the healthy operation 
mode of the VSI. Once more, the obtained results confirm the 
high performance of the proposed FDI process under speed 
change. 
5.2. Diagnostic algorithm effectiveness   
The experimental results reported in Fig. 12 to Fig. 14 
address the FDI process effectiveness under an open-switch 
fault. The two six-phase machines are loaded to 2 Nm and 
4 Nm and run at the rotor speed equal to 50 rad/s. The Iq 
components pictured in Fig. 12 are an image of the torque of 
each machine. The zero-sequence current components are 
depicted in Fig. 13. As concluded in the theoretical part, these 
components are null under a healthy VSI and increase 
significantly for a faulty one. Considering Fig. 14, it 
illustrates the time-domain waveforms of the line currents, 
the variable FdN (t), the variables 𝐹𝑖−𝛼𝛽𝑁(𝑡) and 𝐹𝑖−𝑥𝑦𝑁(𝑡), 
and the variables Fn_N (t). The open-switch fault is applied to 
the upper transistor T1 at t = 0,1 s, by keeping its switching 
signal permanently in "Off" state. As a result, the phase 
current 𝑖d suddenly reaches to zero and is limited to flow only 
in the negative direction, while other currents undergo a light 
deformation and remains flowing in negative and positive 
directions. Regarding the detection variable FdN (t), it 
increases immediately and exceeds the threshold Th at 
t=0,106 s, indicating thus the fault occurrence in the VSI. The 
average positions of the phase currents in α-β and x-y frames 
are indicated by the variables 𝐹𝑖−𝛼𝛽𝑁(𝑡) and 𝐹𝑖−𝑥𝑦𝑁(𝑡). Here, 
it is observed that they converge quickly to values close to 
150°. These average positions correspond effectively to the 
fault occurrence in transistor T1. The variable Fn-N (t) are 
always within the band corresponding to no open-phase fault 
in the VSI. 
The time-domain waveforms of the phase currents, the 
diagnostic variables and zero-sequence currents are reported 
in Fig. 13 and Fig. 14. When the fault occurs, the variable FdN 
(t) exceeds the threshold Th, permitting a fault detection at t 
= 1.07 s. For the identification of the fault (open-circuit of 
phase a), it is necessary to wait at t=1.115s that the variable 
Fa-N (t) crosses the threshold THop., identifying the fault as 
open-circuit of phase a.  
6. Conclusion 
This work addresses a signal-based FDI process for 
inverter open-switch and open-phase fault real-time diagnosis 
in a drive composed of two electrical series-connected six-
phase PMSM supplied by two VSIs. There is no extra 
hardware or extra sensors required by the proposal since the 
algorithm uses only the available current sensors which are 
already used for closed-loop control of the machines.  
The algorithm is based on the particular characteristics 
offered by the fictitious multi-machine representation in the 
subspaces h1-h2, α-β and x-y. As both α-β and x-y current 
components contribute to torque generation, the fictitious h1-
h2 plane was the one used for the fault-detection. As well, the 
symmetry of the 6-phase machines obliged also the use of 
both α-β and x-y planes in order to localise the faulty switch.  
 
Fig. 12. Experimental results. Time-domain waveforms of the 
Iq components during healthy and faulty operation mode. 
 
Fig. 13. Experimental results. Time-domain waveforms of the 
zero-sequence current components during healthy and faulty 
operation mode. 
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Fig. 14. Experimental results of the diagnostic algorithm 
effectiveness. Time-domain waveforms of the phase currents 
and the diagnostic variables when an open-circuit fault 
occurs in transistor T1. 
 
An adequate normalization procedure is used to make the 
FDI process robust against transient states due to speed and 
torque change.  
Simulation and experimental results achieved on a 
prototype prove the effectiveness and robustness of the 
proposed method. However, at very low or zero torque and 
speed regions, the proposed method should be improved. This 
point will be taken in a future work.  
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